Abstract Along the continental margins, rivers and submarine groundwater supply nutrients, trace elements, and radionuclides to the coastal ocean, supporting coastal ecosystems and, increasingly, causing harmful algal blooms and eutrophication. While the global magnitude of gauged riverine water discharge is well known, the magnitude of submarine groundwater discharge (SGD) is poorly constrained. Using an inverse model combined with a global compilation of 228 Ra observations, we show that the SGD integrated over the Atlantic and Indo-Pacific Oceans between 60°S and 70°N is (12 ± 3) × 10 13 m 3 yr
Introduction
The chemical composition of the global ocean is primarily determined by a balance between solute inputs from land and burial into deep ocean sediments [Broecker and Peng, 1982; Berner and Berner, 1987; Sarmiento and Gruber, 2006] . Imbalances between oceanic elemental sources and sinks have driven changes in global biogeochemical cycles, including glacial/interglacial changes in the global carbon cycle [Toggweiler, 1999] . Traditionally, rivers have been thought to be the main pathway for input of terrestrial chemical elements into the global ocean. However, accumulating evidence has shown that Submarine Groundwater Discharge (SGD) plays a significant role in determining the biogeochemical properties of some coastal regions [e.g., Taniguchi et al., 2002; Moore, 2010; Lee et al., 2010] as well as an ocean basin [Moore et al., 2008] . SGD consists mostly of seawater that invades coastal aquifers, mixes with a small fraction of meteoric water, and then flows back to the ocean [Burnett et al., 2003] . Due to chemical and biological reactions in the coastal aquifer, SGD is enriched with trace elements, rare earth elements, nutrients, and dissolved inorganic and organic carbon [Charette and Sholkovitz, 2006; Moore, 2010; Kim and Swarzenski, 2011; Kim and Kim, 2014] . Despite its potential importance in understanding global biogeochemical cycles, a lack of direct measurements has made it difficult to estimate SGD at a global scale. This hampers our understanding of a critical component of global biogeochemical cycles -the exchange of chemical elements between terrestrial and marine environments.
SGD is highly heterogeneous, and direct measurements are limited in their spatial coverage; hence, a great uncertainty arises from the need to extrapolate sparse measurements to the global ocean [Knee and Paytan, 2011; Taniguchi et al., 2002 Taniguchi et al., , 2009 ]. An indirect method of estimating SGD based on 226 Ra (half-life: 1600 years), enriched in groundwater relative to seawater and rivers, has been applied to local scales such as the South Atlantic Bight [Moore, 1996] and the Yellow Sea [Kim et al., 2005] . More recently, 228 Ra (half-life: 5.75 years) has been used for estimating SGD to the Atlantic Ocean [Moore et al., 2008] . The dominant sink for 228 Ra in the open ocean is radioactive decay. At steady state, the removal rate of 228 Ra by radioactive decay should be equal to the supply rate from land [Moore et al., 2008] . By subtracting contributions from wind-blown dust, diffusive fluxes from coastal sediments, and rivers, and then using the end-member concentrations of the 
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• Global magnitude of SGD is measured using a radium-228 budget • Global SGD is 3 to 4 times greater than the river water fluxes into the oceans • About 70% of SGD flows into the Indo-Pacific Oceans
Supporting Information:
• Readme • Table S1 • Table S2 • Figure S1 Correspondence to: G. Kim, gkim@snu.ac.kr Moore et al. [2008] estimated the SGD flux into the Atlantic basin to be 0.8 to 1.6 times greater than the Atlantic freshwater flux from rivers.
Although the indirect method based on a
228
Ra budget analysis has been successfully applied to the Atlantic Ocean [Moore et al., 2008] , it is problematic to apply the same method to the global ocean where 228 Ra observations are extremely sparse below the surface (Figure 1) . Therefore, to obtain the upper ocean inventory of 228 Ra, surface 228 Ra observations need to be extrapolated while accounting for the source distributions and ocean circulation. To address this issue, we developed a 228 Ra inverse model based on a data-constrained global ocean circulation model of DeVries and Primeau [2011] , and combined the model with a compilation of 228 Ra observations. This novel approach allows us to infer the SGD integrated over the global ocean between 60°S and 70°N (hereafter referred to as the global ocean noting that the polar regions are beyond the scope of this study). We will show that the global SGD is 3 to 4 times greater than the freshwater fluxes into the global ocean by rivers, and that the Indo-Pacific Oceans account for about 70% of the total SGD. This paper is organized as follows. In section 2, we describe the inverse modelling approach. In section 3, we test our method for the Atlantic Ocean to explore any potential biases associated with the sparse observational points of the Indo-Pacific Oceans. In section 4, we present the global estimate of SGD. Section 5 discusses implications of SGD on global biogeochemical cycles.
Methods
We take two steps to estimate the SGD. First, we use a 228 Ra inverse model to constrain the coastal source of 228 Ra. The coastal 228 Ra source obtained from the first step includes the contributions from rivers, coastal sediments, and SGD. Therefore, in the second step, we subtract the river and sediment contributions from the total coastal fluxes of 228 Ra to obtain the SGD component of the 228 Ra fluxes. This section describes the method by which we estimate the integrated coastal source of 228 Ra using the inverse model. The second step, which is performed outside the model, is presented in section 4 along with the results.
The 228
Ra Inverse Model
The circulation model is a modified version of the data-constrained global ocean circulation model described in DeVries and Primeau [2011] and is taken from DeVries [2014] . The ocean circulation field is constrained by Note that the color scale is made in a log scale with a base of 2 (i.e., log 2 [ 228 Ra]) to increase the visual effect.
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observed temperature, salinity, radiocarbon, Chlorofluorocarbon-11, sea surface height, and air-sea exchange of heat and freshwater. The model has a horizontal resolution of 2°× 2°and a vertical resolution ranging from about 40 m near the surface to 600 m near the bottom. Although this model has a global domain, our focus area only includes the global ocean between 60°S and 70°N due to insufficient 228 Ra observations from the polar regions. In this study, we also exclude deep waters influenced by benthic sediment sources of 228 Ra, focusing on the coastal source only.
The governing equation for 228 Ra is ); note that [Ra] can also be reported in activity units, disintegrations per minute (dpm) m À3 . One dpm corresponds to 4.36 × 10 6 atoms; the first and second terms on the right-hand side represent ocean advection and mixing, respectively; λ is the radioactive decay constant (0.12 yr À1 ); and S 0 is an atmospheric source due to mineral dust deposition. The atmospheric source of mineral dust deposition and input from solubilization due to desorption are prescribed using a global map of mineral dust deposition [Mahowald et al., 2005] and a desorption rate of 8.6 × 10 6 atoms g À1 [Moore et al., 2008] . S (p) is the combined coastal source from sediments, rivers, and SGD.
The coastal source S (p) is defined as 228 Ra fluxes from the ocean grid boxes adjacent to terrestrial grid boxes shallower than~200 m (a precise depth of 217 m in the model). This depth limit is chosen because it gives the minimum value of the misfit between the model and observations. By restricting the coastal source to the continental shelf, we assume that the 228 Ra contribution from the continental slope to the open ocean is negligible. Indeed, Taniguchi et al. [2002] noted that most of aquifers outcrop within the continental shelf. We model only the horizontal variation of the coastal source with a fixed thickness of 217 m by dividing the coastal grid boxes depending on their geographic locations into 20 groups for the Atlantic and 30 groups for the Indo-Pacific Ocean. Thus, p represents 50 discrete source amplitudes to be estimated in the inverse model. This number of groups is chosen so that the coastal sources can be well constrained by available observations.
Optimization of the Coastal 228 Ra Source
The integrated coastal source (i.e., the sum of sediments, rivers, and SGD) is optimized by minimizing the misfit between the model and observation given by
where σ 2 is the variance of the misfit between the model and the observations; N is the number of Ra distributions depend on the coastal source amplitudes p. We obtain an optimized set of the coastal source amplitudesp by minimizing the cost function C. One-standard error ofp is then obtained by assuming a Gaussian distribution of the model-observation differences (see Appendix A).
Atlantic Ocean Coastal 228
Ra Fluxes
The inverse modeling approach is first tested in the Atlantic Ocean to explore how sampling biases, related to a higher density of measurements near the sea surface, affect the estimates. The integrated coastal source of 228 Ra for the Atlantic Ocean, which includes coastal sediments, rivers, and SGD, is estimated to be (3.1 ± 0.1) × 10 23 atoms yr À1 with an estimated atmospheric dust contribution of 1.7 × 10 21 atoms yr
À1
. The error bar represents ± one standard deviation of the posterior distribution for the inferred source (Appendix A). The uncertainty includes the combined errors associated with the model and the measurements. An important contributor to the uncertainty arises from the fact that the sparse observations are influenced by highfrequency small-scale fluctuations that are not captured by the steady-state model with a 2°× 2°resolution.
In the case of using a data subset sub-sampled from only the surface layer, the integrated coastal source (i.e., this study has improved the previous estimate of (3.5 ± 0.7) × 10 23 atoms yr À1 made by Moore et al. [2008] using a statistical analysis of the same data. This agreement, along with the relative insensitivity of our estimate to the depth distribution of 228 Ra observations, provides confidence in applying the inverse modeling approach to the global ocean.
An Estimate of SGD to the Global Ocean Between 60°S and 70°N
We use a compilation of previously published data (Table S1 and Figure 1) ), mostly found in marginal seas ( Figure S1 ). By excluding extremely large point values, we focus our attention on coastal measurements of 228 Ra that integrate coastal sources and influence the open ocean on large spatial and temporal scales. This data control is necessary as we neglect small-scale physical and biogeochemical processes that are not well represented in our model. The sensitivity of our result to the data control is discussed in Figure S1 . After setting the atmospheric wind-blown dust source to be 2.9 × 10 21 atoms yr
À1
, we estimate the globally integrated coastal source, which includes rivers, sediments, and SGD, to be (9.6 ± 0.5) × 10 23 atoms yr À1 .
To obtain an estimate of the SGD driven 228 Ra fluxes to the global ocean, we then subtract contributions from rivers and coastal sediments from the above globally integrated coastal source of 228 Ra. The river contribution is removed following the approach taken in Moore et al. [2008] . Using a sediment load to the global ocean of 1.8 × 10 16 g yr À1 [Milliman, 2001] . Taken together the total riverine input is estimated to be (1.6 ± 0.5) × 10 23 atoms yr
, assuming a 30% uncertainty. We also follow Moore et al. [2008] to estimate the 228 Ra source from coastal sediments. Using the bathymetry data [Sindhu et al., 2007] re-gridded onto the model domain, the global shelf area between 60°S and 70°N shallower than 217 m is determined to be 1.5 × 10 13 m 2 . We assume that 30% of the shelf area is composed of fine-grained sediments and 70% is composed of coarse-grained sediments [Emery, 1968] with fluxes of (50 ± 25) × 10 9 atoms m À2 yr À1 and (1.0 ± 0.5) × 10 9 atoms m À2 yr À1 , respectively [Moore et al., 2008] . Thus, the contribution from coastal sediments is calculated to be (2.4 ± 1.2) × 10 23 atoms yr
. Considering the contributions from rivers and sediments together, we obtain by difference a global SGD 228 Ra flux of (5.6 ± 1.4) × 10 23 atoms yr
. The Indian, North Atlantic, and North Pacific Oceans are the dominant source regions for the global 228 Ra inputs with almost equal strengths (Figure 3 ).
Although the SGD 228 Ra flux is the dominant source for the upper ocean 228 Ra inventory (Figure 3) , it remains to be seen whether SGD is a major pathway for the exchange of water between the continents and the Table S2 ). To account for the skewness, we assume a lognormal distribution of SGD 228 Ra concentrations. The resulting estimate of (4.3-5.0) × 10 9 atoms m À3 , which is slightly lower than (5.55-6.94) × 10 9 atoms m À3 for the Atlantic Ocean only [Moore et al., 2008] , is then used to infer an SGD flux of (12 ± 3) × 10 13 m 3 yr À1 into the Atlantic and Indo-Pacific Oceans. We speculate that the average activities of 228 Ra in SGD are likely to be lower in high seepage rate regions due to less ingrowth time of 228 Ra from its parent 232 Th in sediments and rocks. If this is the case, then the global SGD calculated here might be a lower-limit estimate.
Discussions
We have used a numerical model combined with ; Taniguchi et al., 2009] . When compared with a freshwater discharge of (3.0-3.5) × 10 13 m 3 yr À1 by rivers [Milliman, 2001; Dai and Trenberth, 2002] , our estimated SGD is 3 to 4 times greater than the river water fluxes to the Atlantic and Indo-Pacific Oceans. The estimated SGD is significantly higher than the freshwater component of SGD constrained by the global hydrological cycle (i.e., 0.01-10% of total river flow) [Taniguchi et al., 2002] ; this is consistent with many local or regional studies reporting that marine salty groundwater is a dominant source (>90%) of SGD [Burnett et al., 2003; Kim et al., 2003; Taniguchi et al., 2006] . Our study is also in accordance with an early study of Riedl et al. [1972] who suggested an "intertidal pump" magnitude of 9.6 × 10 13 m 3 yr
À1
, which is close to our estimate. This seawater circulation portion of SGD is important for oxygenating benthic marine ecosystems and is a contributor to saltwater intrusion in coastal aquifers [Reilly and Goodman, 1987] . The mixture of fresh and salty groundwaters flowing back to the surrounding seas has been biogeochemically modulated within the coastal aquifers, transferring terrestrial materials to the surrounding seas [Charette and Sholkovitz, 2006] . Our estimate of the SGD flux into the global ocean suggests that the land-ocean interaction is far more dynamic than previously believed, and that SGD may constitute the largest terrestrial source for certain oceanic chemical species including nutrients, carbon, and trace metals.
The globally integrated estimate of SGD reported here will aid in understanding the SGD-driven fluxes of chemical elements to the global ocean. This can be achieved through extensive measurements of the biogeochemical properties of coastal groundwaters flowing into the ocean as seeps and springs. Additionally, more extensive measurements of 228 Ra end-member concentrations will allow us to resolve the spatial distributions of SGD, helping us identify regions of enhanced SGD fluxes. Using the previously suggested SGD for the Atlantic Ocean of~3 × 10 13 m 3 yr À1 [Moore et al., 2008] , this study suggests that about 70% of SGD occurs in the Indo-Pacific Oceans. The SGD distribution is somewhat different from the riverine discharge in that less than a half of global river waters are discharged into the Indo-Pacific Oceans [Milliman, 2001] . The global distribution of SGD implies that the Indo-Pacific Oceans may be more susceptible to natural and anthropogenic influences that originate from coastal aquifers. On longer timescales with fluctuating sea levels, the land-ocean dynamics may have been different from the present-day ocean. This may have important implications for the global budgets of some major elements including carbon during glacial-interglacial transitions. This study provides an important step toward quantifying the global land-ocean exchange of natural and anthropogenic chemical species, with implications on pollution, biogeochemical cycles, and ecosystem changes.
Appendix A
This section describes the method in which we provide the error bars of our estimates. We model the likelihood function with a Gaussian probability distribution for the misfit,
Assuming a uniform prior for p and log(σ) (i.e., prob(p, σ) ∝ 1/σ), we obtain the posterior probability function for p from Bayes' Theorem as the product of the prior and the likelihood: 
The most probable value of p (denoted asp) is obtained by minimizing C ( p). The most probable value of σ is obtained by setting the derivative of the log of the posterior with respect to σ equal to zero at p =p, which giveŝ
To obtain the error bars of p, we approximate the posterior probability with a Gaussian distribution. To this end, we expand the log of the posterior, i.e., 
The error bars for the individual source amplitudes can be obtained from the posterior covariance matrix H À1 .
The best estimate for the integrated coastal source is determined by integrating S (p) over the domain of interest. The uncertainty of the estimate is then obtained by propagating the error bars forp to the integrated coastal source, taking into account the error covariance among the different source amplitudes.
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